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1, INTRODUCTION

As the offehore industry continues to move in-
to deeper and more hazardous frontiers, the need for un-
dervater information increases. Cable systemes, current-
ly used extensively to obtain data from unmanned facili-
tiee, are cumbersome to handle and control and are ex-
pensive because of the length of cables needed. In addi-
tion because they reach upwards through the water column
they are especially subject to the rigors of the sea and
are a major source of system failure. Moreover, the ad-
vent of modern electronic componente has resulted in a
reduction in the eise, weight and cost of data gathering
syasteme, making them lese and less compatible with the

eables commonly in use.

It i8 apparent from our knowledge of acoustic
propagation in the ocean that the possibilities exist to
interrogate underwater packages acometically and to ob-
tain data from them. In fact many investigatore and de-
velopers of technology have done just thatl’z’s. In gen-
eral, however, these eyetems are fixed in terms of their
operating parameters and find application to very epeci-

fic geographies and ocean topographies. If a more general

problem ie considered a number of probleme immediately
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become apparent. Theese have to do with the propagation
of acoustics in the water and in particular the effect
of variatioﬁa of the ocean parameters on the acoustic
signal received. As an example we will consider three
scenarios as typteal of USGS operational needs and
examine the important pdéametera aggoctated with them.
The three scenarios selected are:
(1) the mondestructive testing of large
occean toweres;
(2) operational eupport of unmanned, untethered
vehicles and;
(3) interrogation of underwater instruments by

uee of air launched acoustic transceivers.

These three scenarios do not represent all those of intereest,
however, they do demonstrate the wide variation in para-

meters important to data propagation.

The important parameters for the three scenarios
are shown in Table I. Common to all three are several
basic factors. First the water depth would not, in gen-
eral, exceed 300 meters. One primary difference is in
the horiaontal range ezéeated. In the case of a tower
with instrumentation on fhe lover lege (underwater) the

path length would be essentially the vertical height of
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the water and indeed the path traveled would be essen-
tially vertiocal. However, in the case of the unmanned
vehicle, which 18 czpeoted to be mobile, thie could eon-
ceivably reach over an éight hour period a dietance of
Five kilometers or more away from the monitoring surface
vessel. In the case of the air deployed packagee navi-
gational accuracy of the aireraft would result in a

range of two kilometers or more.

The data to be tranemitted ie quite varied.
The nondestructive testing techniqué esgentially generates
a batéh of data over a short period. If we asesume that
this i8 stored and transmitted at a reduced rate the
actual total data rate requirements are quite modest.
They might, for example, involve 105 bite of data. How-
ever, the testing would not be done at a rapid rate and
this data could be transmitted at a fairly low rate, as

low g8 100 baud if necessary.

The vehicle represents a different problem in
that a number of possibilities for data transfer can take
place. Control of the operation of the vehicle, essen-
tially a secondary function since the vehicle is assumed
to have an onboard control capability, involves only
small amounts of data, iédeed something on the order of

10° bite of data, transmitted at a hundred baud rate would



Thie lifetime reflects seriously in the
amount of energy that could be carried. For example,
using lithium batteries with a one megajoule per kilo-
gram capability a total of one megajoule typically would
be avatlable over a one year period for the firet and
third scenarios. However, in the case of the vehicle
with posaibly rechargeable batteries something like 5§00
kilojoules of energy would be available but this eould
be extended over a fairly ehort period of time. A basic
common denominator of all three sysfems and one whiceh ie
common to all underwater operatione i8 that energy needs

to be conserved and used as sparingly ae poseible.

If the above scenarios and data needs are com-
pared with the acoustic telemetry characteristics several
interesting factors ocecur. In general the higher the
acoustic frequency the more rapid its attenuation due to
absorption, Therefore the longer rangee would tend to
uge lower acoustic frequencies while the shorter ranges
could use higher acoustic frequencies. The matter gets
a?mewhat more complicated if a basic problem concerning
acoustio propagation in shallow water {s eonsidered,

- namely that of multipath interference. Here in addition
to a primary aoouatia path other acoustie paths, generally

involving reflections from the eurface of the ocean or



from the bottom, also cause signale to érrivc at the re-
ceiver. Because these paths lengths are different, then
the signal generated arrives at different timee causing
interference with the signal and an increase in the back-
ground noise. Here a higher acoustic frequency would in
general give more attenudtion of the second and third
pathe and the multipath problem would be reduced. How-
ever, the primary eignal would also be reduced to the
point that the background noise in the ocean would be a
factor. An increase in the transmitted power would help
at the expense of more rapid depletion of the energy

gource.

Another problem that occurs is that tempera-
ture and salinity fluctuation in the ocean cause temporal
fluctuations of the arrival time of the signal at the
receiver. Thie results in jitter of the data bite with
the implication that the data rate may depend on local
environmental fluctuations. In some experiments performed
by the author several years ago we were able io transmit
data satisfactorily a distance of two kilometers with fair--
ly low transmitted power (of one watt) for some of the
time. However, at other times the data jitter was suffi-
cient that no data ecould be coherently received with a

fixzed system.



It becomes apparent that to ereate an acoustic
data telemetry system capable of satisfying a number of
different scenarioe in different oéeanagraphié locations
and at different times, the various acoustic parameters
of importance should be variable. These parameters are
the acoustic frequency, the power level and the data
rqte. These variatione of primary parameters would have
to occur as a result of measurements made during the data
transmission. Thus the esystem would adapt to the environ-
ment adjusting the parameters to optimise the link per-

formance.

Examining the feasibility of thie adaptive
system i8 the subject of the present study. The firet
year of experimentation and development has involved the
concept development and hardware development of a system
capable of performing the adaptive process. (During the
next year we plan to develop the software and the adap-

tive logtie).
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2. SYSTEM CONCEPT

2.1 Acoustie Considerations

The adaptive syetem discussed in the introduc-
tion hés acoustic frequency, power level and data rate
as variables. During any tranemission these parameters
are determined from analyeie of the received signal. In
many cases a preliminary conversation between stations
will be needed to optimize the parameters. Thies will be

discussed in detail later.

Adjustment of the acoustic frequency is made
primarily to account for a varying path length., Some
idea of the effect of change in frequency can be seen in
Figure 1 where the effects of epherical spreading and
absorption loss for different frequencies are coneidered
as a function of range. If we make a basic assumption
that the frequency to be transmitted would be as high as
possible, to allow the highest bit rate, theq it could
be seen that the choice of frequency would depend on the
background noitee. The strength of the received eignal
is ehown, assuming an 170 dB (re 1 yPa € 1M) source in
all cases, for the eight channele now being used im the
system. Table IX liets these channele and showe the
center frequency of tran;missian and the theoretical maxi-

mum range assuming that the signal to be received is 6 dB
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above M"typical” eoastal noiaes. The range varies signi-
ficantly with acoustic frequency. With upper limit of

10 kM (defined in Table I) we can see that a frequency

as low as 14 kHz would allow thie range. For shorter
path lengths higher frequency channels could be used.
These selected aaouctio'frequenaiea vary over a range

of 14 kHz to approximately 90 kHz. At frequenciee 8ig-
nificantly above 80 kHz the background noise in the ocean
tende to increase and it also becomes more difficult to
generate the signals with the eame transducers. For con-
venience eight channels are defined, each increasing fre-
quenéy representing a 30% increase over the next lower

channel.

The frequencies will be modulated using the
data so that the actual transmitted frequencies are + 9%
of the center frequency. This deviation is digitally
generated in the eystem. This modulation allows the use
of a fast attack automatic gain control (AGC) in the re-
ceiver. Figure 1 ehows that the received signal will
vary from + 40 dB to over 100 dB (re 1 uPa). Hence a
second requirement of the system is that it have an AGC
with 60 dB range. Greater AGC control ie mot necessary
because in addition to the variations of frequency 18 dB
output power variation i; employed allowing a reduction

of power at short rangee, for example, less than 1 kM.



The data rates ehown in Table II are maximum
valuee from theoretical analysie of the bit diserimina-
tor., These are in fact a direct result of the choice of
the type of coding used. Clearly because of the vari-
able bit rate plus the natural bit jitter expected from
acoustic transmiesions some kind of coding is required
that i8 8elf-clocking. The common used method of ecoding
18 Manchester or eplit phased modulation (SPM) which al-
lows the recreation of the bit rate from transitions with-
in the data. SPM requiree a band width of approximately
twice the bit rate. However, one disadvantage of using
Manchester is that the bit clock occurs om both positive
and negative traneitions and in fact there is an ambiguity
in the data. Since the receiver will nmot know the acoustic
frequency or any of the other parametere it will be necessary
to scan the eignal looking for the channel and determining
the bit rate during the initial tranemission. PFor thie rea-
son a form of clocking which does not contain any ambiguity

18 needed.

The modulation chosen is pulse duration modula-
tion (PDM) where the bit clock always occurs on possitive
transitions of the data and the data itself is determined
from the location in time of the negative transition.
Figure 4 demonstrates this by comparing PDM and SPM for
a typieal signal., The maximum bit rate ehown in Table

II derives naturally from the use of PDM from the fact that



the bite are mot synchronoue with the acoustic eignal and
therefore there is an ambiguity of one cycle in recog-

nizing a high or low level.

In praotice the maximum bit rate would be ex-
pectadlonly under very ideal conditiones. As mentiomed
earlier several experiments by the author in the past
had indicated that significant bit jitter occured due to
fluctuations in the ocean. This adds to the difficulty
of coherently converting the data from eerial to parallel
form. Actual bit rates used by the system are shown in
Table III. It can be eseen that the bit rate varies from
a value olose to the theoretical limit down roughly a

factor of eight.

Hence the syetem has a fixed modulation type,
fized digital eoding, variable acoustic frequency over a
factor of eight and an output power variable over some
18 dB, It is intended that the syestem be adaptable to
data transfer from ecloee ranges in the arder.of 50 M tov

long ranges in the order of 10 kM.

It should be observed that the problem of mul-
tipath signal interference ts not eolved by varying the
parameters. However, adjuetment of the acoustic fre-

quency to the highest poesible under the varying eircum-

- 11 -



atances does allow thies problem to be minimized. In
fact multipath discrimination is an inherent key to the
design of the receiver signal decoder ae will be seen

later.

As has been observed earlier, that with the
basie acoustic parametere as variables then the re-
ceiver has to have the ability to evaluate the incoming
aignal and to decode accordingly. Basic receiver re-.
quirements are the ability to measure the background
noise, to measure the signal level, to determine that
3uffiéient signal excess exists, to measure the multi-
path signals level and to determine that they are suffi-
ciently low, to measure bit rate and to determine that
the bit jitter is within tolerable limite. Thie hard-

ware will be desceribed later.

It should be noted that the data idealiszed in
Figure 1 assumes that the source level is constant for
all frequencies. NWhile it ie relatively simple to pro-
duce a power amplifier which ie flat over the useable
spectrum it i8 not neceesarily simple to produce an
acoustio tranesducer that would reproduce the eignal with
a flat response. Early in the program an attempt wae

made to purchase a transducer capable of operating over



the frequency range shown in Table I. However, the cost
and. in partiocular the delivery time of a suitable trane-
ducer, for both tranemitting and receiving precluded the
purchasing of thie device at this time. Therefore the
experiments to be desoribed later were performed ueing

a transducer that was created in house. Avdeacription
18 given later in thie report, It should be observed
that this transducer was used for both tranemitting and
recetving and a eimple calibration of the transfer func-
tion, i.e. the product of the transmitting response and
receiving responge was made. Thia indicated a transducer
peak{ng at 30 kH® but wuseful down to 15 kAz and up to
over 100 kHz. While the response in the transfer func-
tion certainly was not flat it was useful for the firet
experiments. A combination of transducers to give us a
reasonably flat response over the frequency range could

be employed at a later date.

2.2 The Syetem Layout and Function

Two traneceivers, essentially identieal, are
needed, see Figure 2. One of the two transceivers ig a
submarine package housed in a suitable pressure housing.
This device would accumulate data and transmit on re-
quest. The second package, located.typically on board

ship, would have a hydrophone or hydrophone array sus-

- 13 -



pended over the eide and transmit requestes for data and
receive data. During the initial experiments the sub-
marine package wae used only to transmit sample data at
various acoustic frequencies, bit rates and power levels.
The shipboard package waes used only in the receive mode
to receive and evaluate the data. During these experi-
ments we were evaluating aspecte of the receiver and in
particular the acoustic eignal decoder. In future ex-
periments, during the coming year, it is planned to com-
plete both packagee ae full transceivers, to operate them
in an adaptive mode and to develop the procedure for

making adjustment of the acoustic parameters.

The system layout for each of the transceivers
i8 shown in bloek form in Figure 4. FEach transceiver
consists of two microcomputers. The first computer is a
data computer. It accumulates data and handles the pro-
blems of data formatting and initiation of the transmie-
sion. It generates the coded serial data which it sends
to the acoustic eomputer. It also sends a control word
which defines transmigsion frequency and power level. In
the tragnsmitting mode the acoustic computer then generates
and transmits the acoustic aignal. In the receive mode
the signal enters the acoustic computer which detecte

the level of the incoming signal and uses a programmable

- 14 -



gain amplifier to digitally ocontrol the gain of the sig-
nal to 0 ¢ 0.5 dB. The gain of the input eignal {e read
directly by the data computer and hence the level of the
tnoeoming eignal is derived directly. The geoustic com-
puter inpute the oonstant level signal to a eet of digi-
tal filters and to a data discriminator whieh outputs

gerial digital data.

The operational procedure of the data computer
in the receive mode has several stages. When first ini-
tialized or immediately following a transmission the data
computer performs a background noise scan. Each of the
channels i8¢ selected in turn, the acoustic computer ini-
tiated and the gain of the incoming signal is determined.
This is defined as the background noise level at that
time for each channel. It should be observed that a sig-
nal eould be present at thie time. However, thie means
than an initially falee background level would be deter-

mined and this would be upgraded immediately.

Following the prescan the'data eomputer then
performs a continoue 8can of the eight channels. Each
channel i8 selected, there is a twenty millisecond pause
to enable the automatie gain control to settle to a sta-

ble level and the gain ig recorded. After all eight

- 15 -



channels are recorded the data computer evaluates sach
channel signal level to determine whether any signal ie
above the background eignal by sufficient margin. If

not then the background data is updated.

If a signal iﬁ'present then this channel is
selected and the incoming serial data examiﬁed to deter-
mine if a coherent bit duration exists. Thie ie done by
taking four suécessive bitse, méasuring their duration
and comparing them to a reférence error level to deter-
mine if transmissions are suitably coherent with time.
Assuming bit coherence existe then the data computer
will examine‘aeqﬁehtial bits to determine the duration

of the one bit and the duration of the sero bit.

The camputer then continually examines the in-
coming data stream for the sync word that indicatee the
initiation of the transmiésion; The first sixteen words
of any transmiseion contain the channel word in a highly
redundant and error correcting form. The data computer
will examine this to determine the bit error rate. It
18 recogniazed that in 256 eequential bite low bit error
rates will not ﬁeoeasarily show up. In terms of evalu-
ating the consistency of the channel ae a data channel

all 256 bits must prove valid in order for the data com-



puter to consider subsequent data tranemiseione ae val-

id.

In addition to being able to evaluate the
baekground noise the signal level relative to the back-
ground noise and the coherence of the inqoming bit data,
the data computer ean also evaluate from the transveree
filter elements the noise level within a narrow signal
band. This noise level, if significantly above the
background noitee, would indicate the presence of multi-
path signals arriving and the computer can measure these
relaﬁive to the inecoming signal to determine whether

the multipath eignal ie strong.

2.3 System Operation

Thue the data computer would have all infor-
mation avaiZang to it concerning the received signal
characteristics that determine the quality of the re-
cetved signal ae well as information on the tranemitted
eignal. It can then proceed to make decisions as to
whether the channel, power level and bit rate are cor-
rect for continued data tranefer or whether the channel
should be changed to improve the level of signal, to im-

prove the bit rate or to.decrease the power,

- 17 =



It ie apparent that when communication is
first established the firet choice of parametere may be
far from optimum. Hence initially the 256 bit meseage,
known as the calibrator frame, which precedes all trans-
migsions are transmitted back and forth. Ae discussed
earlier it contains a highly redundant fbrm of the
channel word (CW). Thie channel word consiete of 12
bits of data which deecribe the transmission. Table IV
illustrates the channel word. In addition to the chan-
nel number, power level and bit rate, it also contains

a two bit word indicating the message status (MS).

Initially the requesting system, usually lo-
cated on board ship, will eend a calibration frame with
MS = 1, requesting data but with unevaluated acoustic
parameters (CW). Assuming that thece parameters are not
ideal the submarine system will reply with a new set of
parameters and MS = 2. Thie iteration proceeds until
one or other of the systems determine adequacy of the
communtiecation. If the ehip system determines adequacy
the next calibration frame has MS = 3. If the submarine
determines adequacy, or if MS = 3 in the received frame,
then the requested data te transmitted with MS = 0 and

the process i8 terminated.



At first glance thie process sounds lengthy.
However, each tranemission takes tyéically 1% seconds
consisting of 1 second of bit clock and 260 mtllia?cands
of data. (The 1 second bit clock is used to allow time
for the receiver to ;équire the channel.) Since the
channel evaZuatian'aompﬁiation 18 quite quick eix itera-
tione on the calibration frame can be performed in under

ten seconds as an example of the total adaptive process.

- 19 -



3. HARDWARE DEVELOPMENT

3.1 Package Deseription

As discussed in the earlier section acousetic
communication between a eubmarine and a ship mounted
package would require two transceivers each eapable of
recetving and transmitting. Figure 3 ehowe the baeic
breakdown of each transceiver into two microcomputer sub-
assemblies. Within each of these components, sectione
of each computer are uesed in tranemitting and receiving.
Figure § shows a more detailed breakdown of the trans-
ceivéra. The external data ie accumulated by the data
computer and stored in a mase memory which at present
time i8 designed for 106 bite of data. On tranamiseion
the data ie formatted in a coder section and a suitable
eontrol word initidting the acoustic transceiver is
applied to the control bus. The acoustic computer in-
terprets the control word and commands a synthesizer
which generates frequencies}pertinent to the particuZar
channel. The function generator uses these frequencies
in conjunction with the data out to generate a frequency
modulated signal. The output of the function generator
i8 amplified and the eignal sent through a tranamit relay

to a tranaducer.

During receiver operation signals from the

- 20 -



transducer enter via the relay to a low noise preamp whose
output enters a controllable analog filter. This analog
filter serves to reduce the background noiee and improve
the signal to noise ratio of the received signal. This
signal enters the automatic gain control, consisting of

a programmable gain amplifier controlled by the control
processgor and a constant level signal, outputs from the
AGC to a set of digital filters. The output of these
filters is detected by a presence detector which re-
generates the data input etream and sends it to the data

decoder which allows the 6100 to interpret it.

It should be observed at this time that the two
computers each uses ites own bue and a third control bus
interconnects the two. CMOS devices are used exteneively.
The data computer, for example, is 100% CMOS. Within the
acoustic microcomputer the power amplifier, analog fil-
ters and digital filters are the only non-CMOS devices.

It could be noted that the data computer consumes less
than 20 milliampe during data receipt. These are very
small compared to the power consumed by the power ampli-

” ﬁl . -
fier on transmission.

During the first year of experiments two par-
tial transceivers were built. The basic functions used
in transmission were inocorporated in one device; the

second device wae completed ae a receiver. The trane-
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mitted device was used ae a eubmarine package to trane-
mit known data and the receiver wae located on board ship
to enable the receiver to be analysed and to examine the
data input. Current work involves aompleting'both trans-

ceivers as shown in Figure 5§ so that two way data may be

examined.

3.2 The Data Computer

The data computer i8 based on an Intersil 6100
microprocessor. This mieroprocessor which emulates the
well known Digital Equipment Corporation PDP 8E computer
and used the PDP 8 instruction set 18 a CMOS device with
all advantages of CMOS architecture. A variable speed
microprocessor clock allowe adjustment of power as com-
puting needes vary and power is disabled for periods of
time when computing ie not necessary. The 6100 micro-
processor is the baeis for an all CMOS data computer.
This computer was developed for the ADOM program4 and
parts of tt form the basis for the hardware used in the

experimente of this program.

Other elemente of the data eomputer are a PROM
memory which contains the operational program in noneras-
able form and an extensive RAM memory which can be ae
small ae 1K worde (each word ie 12 bite) or directly

address up to 2048X worde of memory. This directly
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addressable memory ts esome 64 times larger than the
maximum PDP 8 memory. Each 32K word memory segment

forms a complete PDP 8 equivalent and ecan be operated

as such. The extensive additional memory allowe the
cumulation of data up to a maximum of 2.7 =z 107 bite and
this i8 felt to be adeqﬁdte for most of the data require-
mente envisaged. The present building bloek for this
memory ie the 4K CMOS static RAM and each module of the
computer containe 8K x 12 bite of data or approximately
105 bits. For the full memory capability the number of
boards required would be very large. However, the basic
memoiy scheme can use other devices aes they become avail-
able and the number of boards required for euch a large
scale memory will reduce accordingly. The present hard-

ware eontains 12 boarde, each of 10% bits.

Other componente of the data computer include
an interface board to control the acoustic computer, read
the gain of the acoustic eyetem and to code output data.
Thie coder hae been designed so that both split phase modu-
lation (SPM) and pulse duration modulation (PDM) ecan be
generated. Only pulse duration modulation has been used
in the tests. The module which containe the interface
control and the data coder ie ehown in somewhat more de-

.

tailed form in Figure 6. The data is loaded into a first



in firet out (FIFO) array which allowe the etorage of 16
bords, 12 bite wide. Thies i8 turned into NRZ serial
data and then through a modulator which generatees SPM or
PDM. An external cloek (from the acoustic computer and
proportional to the basic frequency of the synthesizer)
t8 divided as required to produce the correct baud elock
for the rates shown in Table II. This module also out-
puts digital controle and measures the gain fﬁém the
acoustic computer. A parallel interface element (PIE)

interfaces thie hardware to the 6100 bus.

Figure 7 shows the data decoder. This cir-

" euitry has been designed recognizing the fact that the
serial data is of unknown rate and with a bit duration
whieh can fluctuate.‘ The data decoder can work in one
of three modes, namely bit duration measurement, data
duration measurement, and data convereion. During bit
duration measurement the counter measures the duration
of each successive bit. The microprocessor computes an
average value and compares the deviation of each bit
from the average value. The data duration, as ehown in
Figure 8, i8 the duration of the one and zero bite re-
spectively. From the formation of the pulse duration
modulation it will be expected that the average of the
bit duration of a sero and a one bit would be close to

half the average of the bit duration ae measured earlier.
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Hovever, effects of the ocean path and of the filter
characteristios oause all bit durations to be lengthened
and therefore the point at which the value of the bit

te disoriminated can be computed from the average of the
one and zero bits. Thie value is than used by a aom-
parator to generate a bit clock pulse. This eclock
pulse, shown in Figure 8, ia used to convert the PDM da-
ta into NRZ form. The data is read into the 6100 eystenm
for determination of ite value. A simple four bit coun-

ter determines the location of each word on arrival.

It ehould be noted that a common method to de-
rive the bit cloek from the data is to use a phase lock
loop to lock the bit clock and to generate any miseing
elock transitions. Due to thé large amount of ocean tur-
bulence bit jitter that is generated, it was found that
a phase lock loop, with sufficient latitude to follow
the bite, would ﬁo longer provide this lockover and
hence the system ehown in Figure 7 wae devised. The
system shown is extremely flexible and bit durationes over

an extremely wide range can easily be determined.

3.3 - Acoustie Computer

In a similar manner to the data computer the

acoustic computer uses a common bus structure and pre-
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dominatclﬁ CNOS devieces to generate a low power acous-
tie transceiver. fhis eomputer is based on the RCA 1802
CcNOS mioroprocessor. This mioroprocessor ies chosen pri-
marily because of tts low power consumption and with 16
internal registors, it is possible to deeign a minimum
component computer with PROM memory only.. This PROM
memory is combined with the 1802 on a single CPU board.‘
Devices used aré Intersil IM 6604 IPL CMOS PROMS and ean
hold 4K bits. A single 4K PROM is capable of holding
far more program than is used in the particular appli-

eation.

The acoustic computer has two primary funections.
It interprets the eontrol word to set constante in a
syntheaiser board which generates, relative to a one mega-
hertz oryetal aaciilator, frequencies used in tranemission
and reception. Thie eynthesiser is shoun in Figure 8.
Startiﬁg with a one megaherts coryetal oscillator a com-
bination of multiply and divide with two constants, J1
and J2, generate a eelected frequency Fz. J1 is fized
and in the present system ie equal to 128. J2 is se-
lected from a table within the 1802 program. Eight val-
ues have been selected and these determine the basic fre-
quency of each channel. J2 can be any integer from 1 to

165 allowing frequencies to be selected that ave geparated




by 600 Hx (in terms of the center frequency of trane-

miesion).

3.3.1 Transmitter Operation

The actual acoustic signal tranemitted ie gen-
erated by a eircuit shown in Figure 10. The frequency Fx
from the synthesiser is combined with a serial data output
to produce a 8quare wave signal modulated in the form of the
required output aignal. Thie ie formed by dividing Fx by
one of two conetants, N1 and N2, the choice of N1 and N2
depending on the instantaneous value of the serial data out-
put. For the experimente performed to date N1 ie eleven and
N2 ie thirteen eo that the upper frequeney ie Fx/11, the

lover frequency Fx/13.

To maximise the energy into the transducer it is
useful to drive the transducer with a sine wave. The
square wave signal generated ie traneformed to an instan-
taneous sine wave of the same frequency by the manner ehouwn
in Figure 10. A equare wave generator which produces in-
stantaneoue sine and square wavee of the same frequency i8
modulated by a control voltage generated by a phase compara-
tor that compares the generated square wave with the re-
ferenced square wave produced earlier. Thus the sine wave
modulation has-zero erossing modulation and no ewitching

transients occur. The final eine wave level ig selected




by a step attenuator acaa:dihg to the required output
pover and amplified by a push-pull power amplifier to
drive the transducer. The maximum output power sorre-
sponde to approximately 100 volte RMS across the trane-

ducer and is constant over the range of frequencies to be

transmitted.

It ghould be observed that the transmitted
frequencies, since they are digitally derived from a 1
megaherta cryefal oscillator have frequency stability to
the same level of the cerystal osciZZatof; .. 1 in 106.
Thisvallows the use of accurately controlled digital fil-
ters in the receive circuit since drift of fhese frequen-

etes will not be a problem.

3.3.2 Receiver Operation

The receive signal at the traneducer proceeds
through the stages eshown in Figure 5. The transducer
output ie amplified by a low noise preamplifier and
routed to a pair of controlled analog filters. The out-
put from these filtere proceede through an automatic
gain control amplifier operated by the 1802 so that a
congtant input eignal enters the set of digital filtere.
These tgolate the upper and lower transmitted frequen-

cies, Presgsence detector oircuite generate a serial data
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input and thies ie routed to the data ocomputer.

The prcaﬁptificr may be either internal to the
syetem or in the egee of the shipboard eomputer is mounted
inside the transducer and exterﬁal to the system. Thie
preamplifier is tn both cases based on a 8N 48684 FET

traneistor with notse equivalence of § NVA/Ez.

The preamplifier gain of 30 dB providee an am-
plified signal input to a pair of controlled analog fil-
ters (see Figure 11). - The first of theee is a high pass
filter and is used to help reduce the larger amount of
ocean background noiese at the lower frequencies. The
signal continues through a band pass filter centered on
the center frequency of the channel with a filter Q of 8.
The two filtere together would produce an effective 20 dB
gain of signal to noiee for a flat background noise epec-
trum. For the decaying background noise spectrum shown
tn FPigure 12 the signal to noise is improved approximately

30 dB. Figure 12 shows a typical comdbined filter responee.

The signal proceedes to an automatic gain eontrol
etrcutt (8ee Figure 13). Thie i8 a programmable gain am-
plifier whose gain i8 given by the inetantaneoue value of
the gain number GN output from the 1802. A simple program

in a microprocessor detects a "too high' or "too low"” level
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of signal and adjusts the gain accordingly. The speed

of response can be adjusted by changing the delay in the
program in the 1802 PROM or more simply by adfusting

the microprocessor clock. Actual iespanses in the order
of 120 dB éer millisecond appear adequate. The acfual
gain word is six bite and the total gain control of the
programmable gain amplifier is from 0 to 80 dB eo that

individual ateps of gain of about 0.9 dB are achieved.

The eonstant level output from the automatic
gain control eircuit (0 dB + 0.5 dB) enters a set of
three digital filtere as ehown in Figure 14. These fil-
ters, constructed from Recticon charge coupled devices,
are transverse filters whoese bandwidth 18 fixed with re-
spect to a center frequency. However, the center fre-
quency is directly propoitional to a elock input and by
suitably eelecting the clocke on the three filters it
igs possible to produce the filter respoﬁae shown in Figure
15. It can be seen that the selectivity of the two fil-
ters is sufficiently high that over 20 dB sepdration ean
be achieved, moreover, the signal to noise over the back-
ground i8 greater than 30 dB. The output of these fil-
ters is fed to a special circuitry called presence de-

tectore.
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The performance of these presence detectors is
that of a floating eomparator (ece Figure 16). Signals
are generated that are proportional to the amplitude of
the upper and lower frequencies in their respective fil-
ters., It i8 at thie point that the presence of multipath
signals ie recognised. Theese multipath eignals are with-
in the nmarrow frequency band of the.digital filtere and
appear as a dynamically varying noise. The presence de-
tector circuit therefore is designed to detect the ampli-
tude of the primary signal and the amplitude of multipath
stgnals and to select a level between these so that the

presence of the primary signal can be discriminated.

By using both the "presence" of the upper and
lowver frequency signals it i8 possible to overcome one
of the basic problems concerning high @ filters. The 8ig-
nal entering the filter system would have a rapid on and
off response, however, the filter response because of its
effective @ shows a tendency to ring or retain the pre-
sence of that signal for longer than the inpui. This
ringing can destroy the functional operation of the cir-
cutt if it i8 sufficient to overcome the period of absence
. of the signal. Meagurements of the dynamic response of
the filter cascade showed that the onset of the esignal

from the filter was extrémely predictable but the decay
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of the pathe was considerably less predictable. There-
fore the onset signals only from the presence detector
eirouites are used to reconetruct the serial data input

to the data computer.

It should be observed that the presence of
multipath eignale has one direct effect, namely that-of
varying the onset point of the eircutitt. This causes
effective bit jitter of the output. This bit jitter is
of the same order as bit jitter expected from ocean
fluctuations. It has been incorporated into the design
of the digital data decoder but does limit the upper bit

rate possible.

3.4 Transducer

As discussed earlier the transducer used for
both transmission and reception of signals was constructed
in house. Cylindrical piezo ceramic elemente were useed.
Four elements, each 1% inchee diameter and % inch length
were agssembled into a single cylindrical form and con-
nected in series with alternate elements of reversed po-
larity., This transducer is capable of transmitting up
to 10 watts output power. Resonant frequency is about

31 kHa. Because the transducer is used to tranemit, no
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internal preamp i8 used in the transducer. PFigure 17
shows a pieture of the underwater housing of the sub-
marine system with one of theee transducers mounted on
the top surface. For the ship system the same trans-
ducer was used at the end of some 50 feet of coax cable

suspended over the vessel used for the experiments.

While it was not possible in the present time
scale to accurately calibrate the transducer for both
transmit and receive characteristics a ehort calibration
experiment was run where two transducers were suspended
a known distance apart and a short duration signal trans-
mitted from one to the second. From these it i8 poseible
to derive a transfer function, i.e. the product of the
transmission responge and the receive response at one me-
ter. This transfer function has a response of -57 dB at
27 kHa. The transfer function was reasonably flat from
10 to 100 kHz. If the receive response to the transducer
is calculated then a value of 186 dB re 1 V @ 1 uPa is
attained and this leads to a value of 129 dB re 1 yPa @ 1 V
for the transmitter, NWhile these values are not exact they
do allow the evagluation of the observed signal and noise

to see whether they are the expected values.
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Ae seen in Figure 19, the submarine package is
a-ahort’cylinder with approximately 1,000 psi pressure
capability. Figure 18 shows the internal eomputer con-
struction. The varioue modules are an 4% = 6% inch cards
packaged onto a bue in conventional manner. The packaging
te8 capable of 200 G shock and can withstand the normal
rough treatment seen on board ehip. The package s almost
neutrally bouyant and can be easily deployed as part of
a short suspended array off the bottom or suspended below

a drifting buoy on the surface.
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4. SOFTWARE DEVELOPMENT

4.1 Methodology

The development of mioroproceseor based sye-
tems requires the simultaneous construction of hardware
and software. The debuééing of any syastem requiree a
method of isolating problems concerning one or the other.
The 6100 microprocegsor, ae discussed earlier, responde
directly to the inetruction set of the PDP 8 computer.
To expedite this software development a PDP 8E is used
and a direct connection between this PDP 8 and the miero-
computer memory has been constructed. This allowe the
PDpP 8 to tranesfer a program, after checkout, directly
into the memory of the microcomputer. Modified programs,
with break points, can also easily be used to identify
hardware problems in the microcomputer. The effective
speed of software development resulting from this helps
enormously. Figure 18 illustratze thie connection. Pro-
grams oan be written, are stored into the disk memory of
the PDP 8, tested in the microcomputer and then the re-
sulting program permanently placed into PROM using a PROM
programmer directly built into the PDP 8. Ae an example
of the speed of goftware development a 1K program has
been written, debugged and burned into PROM in less than

a four hour period.
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The 1802 doee not use an ingtruction set which
can operate on the PDP 8. A croses assembler was used,
howvever, the resulting program was wasteful of memory
space. Fortunately the 1802 programs are sufficiently

short that they can be written directly into PROM.

Although high order programming is readily
avatlaqble the kind of data manipulation currently used
in this system is sufficiently eimple that programe are
written directly in assembly language. Thie results in
a highly compressed program and very careful attention
can be patd to software timing. In many instancee this

has to be consistent with the data timing.

4.2 Acoustic Computer Program

As discussed earlier the acoustic éamputer,
using an 1802, has a very 8imple program. There are two
main subsections; on its initiation, commanded from the
data computer, the acoustic computer will read the con-
trol word and generate, using an internal table, the
correct quantities for the synthesizer. It will then

proceed, during receiver operation to operate the auto-

matte gain control. The gain control ie shown in Figure

20. Extreme simplicity of this program i8 necessary

since it is desired to have very rapid response.
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this program ie in actual fact in use eleewhere for data
collection both from multiple parallel sources and from
a large number of sensors interrogated on one serial con-

ductor.

- The software agésociated with the data trans-
mission has been developed. The exact nature of thie de-
pends on whether the software ies associated with the ehip-
board acquirer of data or of a submarine transmitter of
data. The software elements, however, are common to both.

The exaet procedure and pattern used will be different.

The receive transmission process for the sub-
marine package will involve Zisteniﬁélfor data by ecan-
ning the channels to determine if a eignal is present, ex-
amining the various processes to determine if the chan-
nel is adequate followed by adaption of the channel to
new parameter values and the subsequent transmission of
data. The adaptability process whereby the channel charac-
teristics are analyszed and a new channel diecerned are the

result of thie coming year's activity.

Figure 21 shows a block diagram of this soft-

ware. During initialization the scratch pad memory te
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initialised with eonstante and subroutine entries. In

the case of the shipboard package the switch register is
ezamined to determine the initial tranemission. If a
transmiseion ie required than the process of constructing
the calibration frame takee place. According to the chan-
nel and bit rate the 1 second bit clock i8 conetructed and
this and the calibration frame transmitted. The program

then proceeds to a "prescan'.

This "prescan” scans the channels, measures the
gain of the signal and then stores it.,in memory as a mea-
surement of the signal. It is assﬁmed at this point that
no signal is incoming and that this gain corresponds to the
background noise. During the ecan each channel is again
sampled and the gain of each channel determined. Analyeis
of the signals determinee whether any of them are above the

noige level by a required margin.

If so, then the channel is selected and succes-
sive incoming bits are examined to determine Qhether four
successive bits have a bit duration whose scatter is with-
in tolerance. Thies bit tolerance hae been selected during
early tests to be 1/8 of the bit duration. If bit coherence
ﬁdoes not exist after three attempts then it is assumed that
an outside noise source has been detected and the new back-

ground noise level recorded.
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If bit coherence is detected then the program
proceeds to a data duration measurement. Here the dura-
tion of the one and the smero bit ie determined and this
allows the bit duration comparator to be set so ae to
convert from PDM to NRZ., The data tranesmission is in-
itialized by a sync word (a known twelve bit pattern)
and the program proceede to examine whether it can re-
ceive the sync word within a certain number of bit
counts. If the syne word is received then the word
count 18 set to sero and data i8 read. If the syne word
i8 not detected than the program will proceed to the

adaptability process.

During the tests of some of the hardware and
software the submarine package was designed to be periodi-
cally initialized and hence transmit. The receiver op-
erated a modified version of the software and the data

assoctated with the channel was recorded.

The adaptability procedure has, from.the ex-
igting receiver software, two entry points depending on
whether or not the eync word is received. If the sync
word is not receitved then the receiver does know that a
message was attempted and it knows certain aspects of

the received signal. If'the sync word ie received, then
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in addition to the above parameters the transmitted
power level, the message status and the bit error rate
ean also be determined. The receiver is then one etep
further along in the adaptability procese. This infor-
mation, the entry point to the adaptability procedure i8
outlined in Table IV. It should be Cméhaeized that the
determination of a coherent bit duration ie an extremely
tmportant factor in the determination and evaluation of

the acoustie data channel.
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5. EXPERIMENT RESULTS

The syestem &esaribed.ao far represents a rea-
sonably high degree of sophistication. To butld such a
system takes a period of time during which varioue as-
pects of the system are .evaluated and checked. The ex-
periments performed to date have aimed primarily at
evaluating the various subelements of the syetem, to de-
termine their adequacy. These tests can be subsectioned

into various components, they are:

(1) lab tests of the digital electronics;

(2) lab tests of the transmitter operation;
(3) lab tests of the receiver operation;

(¢) combinea tests in the lab;

(5) sea operational tests to determine various

parameters.

5.1 ‘Laboratory Tests

The digital electronics deseribed wae operated
in the lab by allowing the transmitter digital section
to input data directly into the receiver digital section.
Here the software and the hardware were evaluated to de-
termine that data would be recetved and evaluated. By
direct hookup the ianue;ce of any noise present 18 re-

moved and it wase possible to quickly determine that the
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digital electronics worked to specifications. Two basgic
conclusions were reached. First the maximum bit rate

that could be achieved wae dependent on the timing rate

in the syne word loop. Thie loop, ae originally designed,
took 148 microsesonde to perform allowing for a maximum
:bit rate of approximately 6700 kHz. This period eould be
improved by modifying the clock used to drive the micro-
processor. For systems currently imployed this i8 1 mega-
hertz. A higher frequency clock would allow us to easily
reduce the timing loop to. less than 100 microseconds, suf-

ficient for 10 kilobaud.

An additional problem emerged mainly that if the
syne word was not received by the end of the data etream
the system would remain hung up waiting for it. Adding a
bit eounter was not a full proof method of solving this
sinece an incomplete transmiseion or signal loss could re-

sult in insuffiéient data bite being transmitted.

For the present system where data wﬁe merely
transmitted from a submarine package to a shipboard pack-
age the hang up of the receiver in a sync wait loop was
" not coneidered detrimental since manual override could
oceur. The design modification for an external kickout

elock will be included in future work.
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The transmitter operation was evaluated in the
laboratory. The modulator shown in Figure 10 was found
to work perfectly and a power amplifier capable of 100 VvV
RMS output was designed. Over the wide frequency range
shown, problems initially occured with parasitic oscilla-
tions due to stray feedback, however, these were sup-

pressed without loss of frequency response.

The receiver was evaluated in the laboratory.
The'preamplifier was calibrated. 120 dB was the effec-
tive maximum gain of the total system and therefbre in-
put noise of less than 1 mierovolt is desired. Initially
noise levels of three to four microvolts were observed
and this was found due to noise pickup from the digital
electronic circuitry. Some redesign of the system to
isolate this has effectively reduced the noise level to

below 1 microvolt in all channels.

The analog filters were individually ecalibrated
and adjusted and tests on the automatic gain control with
dynamically varying input signals showed an adequate re-
sponse with no signs of parasitic oscillations. The di-
gital filters were calibrated, an example of the calibra-

tion ie shown in Figure 15.
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The traneient operation of the digital filters
wvas also carefully measured. This transient response i8
the key to the maximum baud rate that can be achieved
with this diseriminator. Figure 22 shows the response
to pulsed sinusoidal wave forms. To establish a criteria

whereby thie transient response provides a limit to the

maximum data rate ie somewhat difficult. If the half ampli-

tude point of the response is taken ae the criteria for
the limit then a miximum bit rate of 600 baud at 10 kHz
acoustic frequency and 1.2 Kbaud at 90 kHz acoustic fre-
quency is reached. In actual practice the discrimina-
tor borks to higher frequenciee than this. Table VI
shows the maximum bit rates that were achieved in the
laboratory with the transmitter output suitably atten-
uated and fed directly into the digital filter. It can
be seen that 3 Kbaud can be achieved at the upper chan-
nel with suitable reduction as the acoustic frequency de-

alines.

A final system test was made in the laboratory
by actuaglly transmitting acoustic data across the room
and obserping the effective response for the system. The
bit rates of Table VI were achieved so that the digital

filter does remain the bit rate determining factor.
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Some 8ea experiments have been made with the
harduare. These tests were made in the coastal waters
off Miami, Florida in water depth of 30 to 60 meters
and with maximum ranges of 2 kiZometers; These teste
were meant to be preliminary in nature to determine the
gystem function and to evaluate signal and background
noise levels. (These tests were moetly performed with
an earlier version of the eystem with different assigned
channel frequencieg, the lower limit being 8 kHz and the
upper one being 120 kHa.) An example of a recorded AGC
signal in analogue form 18 shown in Figure 23. The
tranamitter had been programmed to transmit a sequence
of data at three bit rates and at four output powers.
This sequence i8 clearly seen in the data, the automa-
tic gain eircuit clearly worke. Recordings were made

of the digital signal from the decoder.

It should be observed that these results do
show one key feature. With the present system the back-
grou@d noise levels were exceeding high and were eome
30 dB above those summarized by Uricks (see Figure 24).
The range at which data could be satisfactorily received
was limited. It was decided that this noise source orig-
inated in the hydrophone assemily and eould be eliminated

with suitable rework of the eystem. Therefore continued
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testing wae postponed until this noise source could be
efadicated. Actual signals received were within & dB
of those predicted from a eimple spreading absorption

caloulation and therefore considered quite workable.

- 47 -



The eriteria for establishing adaptive reason-
ing within the computer hae been started with the basic
two starting pointe for this adaptive reasoning ie well
defined. It is expected that by using these starting

pointe, a fully adaptive system can be generated.

The final syestem might eeem somewhat complex:
This ts necessary because of the level of intelligence
of the system. It ie well within the level of complex-
ity of modern miecrocomputer assembliece and perhaps ie

indicative of the trend of oceanographic instrumentation.

For a system to be operational certain addi-
tional factors have to be incorporated to prevent the
system from being caught in an unresolved decision loop.
Thig additional hardware complication ies not felt to be
overly critical. During the coming year an effort will
be made to generate a video picture and transmit thie
using a eystem based on the hardware deseribed in this

report.
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TABLE II

SOME THEORETICAL LIMITS

CHANNEL CENTER MAXIMUM SLANT RANGE
FREQUENCY BIT RATE  (Signal 6 dB over Shallow Water Noige)
(kBz) (baud)
0 13.7 1050 12 KM
1 18.2 1400 1?.8 KM
2 23.4 1800 | 8 KM
3 30.6 2350 6 KM
4 40.4 3100 4.5 KM
5 52.1 4000 3.4 KM
6 67.7 5208 2.6 KM
7 87.9 6761 2.3 KM
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TABLE IV

CHANNEL WORD DESCRIPTION

- §4 -

Data

MSB LSB
D,| D1 {Dg |Dg|Dg | D5 | Dg|D7| Dg | Dg| D1o| D11
- Wy ) S — " —
CN M PN NS RD
CN - 3 bits giving channel number (See Table II)
M - 1 bit giving coding
0 = PDM
1 = SFM
PN - 2 bits giving power level
3 = FULL POWER
& = n " - 6 dB
1= " " - 12 4B
0 = " " - 18 dB
MS - Message Status
0 - Channel OK,Data Sent
1 - Channel Unknown, Request
2 - n "
3 - Channel 0K, Request Data .
RD - Baud Rate Divider (See Table III)



TABLE V

INPUT INFORMATION FOR ADAPTABILITY PROCESS

FACTOR BIT COHERENCE DETERMINED BIT COHERENCE
NO SYNC WORD and
SYNC WORD
Message Attempted X X
Channel Used ) 4 b ¢
Received Signal X b ¢
Level

Baakground Level X X
Bit Rate X X
Bit Jitter X X
Transmitted Power X
Message Status X
Bit Error Rates X
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TABLE ¥I

EXPERIMENTALLY DETERMINED MAXIMUM RATES
OF

TRANSVERSE FILTER DISCRIMINATOR

CHANNEL CENTER FREQUENCY ) BIT RATE

(kBz) (baud)
0 13.7 §70
1 18.2 | 760
2‘ 23.4 877
3 30.6 1276
4 40.4¢ 1682
) §2.1 ‘ 2170
6 €7.7 2821
7 87.8 ' 2930
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Figure 4 - SPLIT PHASE MODULATION (SPM) AND
PULSE DURATION MODULATION (PDM)
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Figure 20 - AUTOMATIC GAIN CONTROL - PLOW CHART 4/11/79
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